The properties of multiple type-II ZnTe/ ZnSe quantum dots ͑QDs͒, which are coexistent with isoelectronic centers formed by Te, grown by migration-enhanced epitaxy, are studied. The samples with a single deposition cycle of Zn-Te-Zn sandwiched between ZnSe barriers are investigated via temperature-and excitationdependent photoluminescence ͑PL͒ as well as magneto-PL measurements. It is found that the PL consists of two broad bands: a "blue" band, which is dominant at low temperatures, and a "green" band, which is observed at T Ն 60 K. Upon increasing the excitation intensity by about 4 orders of magnitude, the peak energy position of the blue band remains nearly the same, whereas the green band exhibits a large blueshift of ϳ50 meV, which suggests that the green band is due to, at least partially, the recombination of excitons bound to type-II QDs. The existence of type-II ZnTe/ ZnSe QDs is further supported by the results of magneto-PL, for which the oscillation in the PL intensity as a function of magnetic field is observed. The properties of ZnTe/ ZnSe QDs grown under the same Zn/ Te flux ratio but with one and three contiguous deposition cycles of Zn-Te-Zn are compared. It is concluded that type-II QDs are formed in both types of samples; however, the density, size, and chemical composition of QDs strongly depend on the deposition of the submonolayer quantities of ZnTe.
INTRODUCTION
Over the past decades, there have been intensive studies on the properties of quantum dots ͑QDs͒ for their device fabrication potential and interesting physical properties. Most of the studies on self-assembled quantum dots are carried out on so-called type-I QDs, whereas fewer reports are found on type-II QDs. Recently, however, there have been increased interest in such systems ͑see, e.g., Refs. 1-5, and references therein͒ due to their unique properties. Among many systems, type-II ZnTe/ ZnSe QDs appear interesting and useful because of their relatively large valence band ͓0.8 and 1.0 eV ͑Refs. 6 and 7͔͒ and conduction band offsets. Moreover, the photoluminescence ͑PL͒ of bulk ZnSe 1−x Te x alloys is now well studied, which allows one to separate QD PL from that of impurity centers. 8 In general, the PL from a dilute ZnSe 1−x Te x ͑x Յ 4%͒ alloy is attributed to the recombination of excitons bound to isoelectronic centers ͑ICs͒, which are formed by n ͑n Ն 2͒ Te nearest-neighbor atoms substituting Se. 9, 10 It is thus apparent that the PL of a ZnSe-Te system will strongly depend on its overall structure and growth conditions. 8, 11 Moreover, it was shown that the formation of QDs is due to the continuous growth of Te n ICs ͑i.e., there is a transition from ICs to QDs͒. 8, 11 In this paper, we investigate samples similar to those studied in Ref. 8 , but grown with one instead of three contiguous deposition cycles of Zn-Te-Zn sandwiched between ZnSe barriers. We thus show that type-II ZnTe/ ZnSe QDs are also formed in the Zn-Se-Te multilayer grown with only one deposition cycle of Zn-Te-Zn. Henceforth, we denote samples grown with one and three consecutive Zn-Te-Zn deposition cycles as ␦-ZnSe: Te and ␦ 3 -ZnSe: Te, respectively. It is found that the PL of the ␦-ZnSe: Te sample mostly consists of two main emission bands: one centered at ϳ2.7 eV ͑"blue" band͒ and another centered at ϳ2.5 eV ͑"green" band͒. At low temperature ͑T =10 K͒, the PL is dominated by the blue band; with increasing temperature, the relative intensity of the green band increases. Upon increasing the excitation intensity, the green band exhibits a large blueshift, which is the characteristic feature of PL related to quantum structures with type-II band alignment, whereas the blue band shows nearly no changes and is attributed to isoelectronic bound excitons ͑IBEs͒. 8 The existence of type-II QDs in the ␦-ZnSe: Te sample is further confirmed by the results of magneto-PL, where oscillation of the integrated PL intensity as a function of the magnetic field is observed. This is consistent with the previous theoretical studies ͑e.g., Refs. 12 and 13, and reference therein͒, which predicted that the PL intensity and the exciton energy will oscillate in type-II QDs. Finally, to gain insight on the formation mechanism and optimize the growth conditions for ZnTe/ ZnSe QDs, we compared the results of secondary ions mass spectroscopy ͑SIMS͒ and high resolution x-ray diffraction ͑HRXRD͒ measurements of a pair of samples grown under the same Zn/ Te flux ratio but with a single and three contiguous deposition cycles of Zn-Te-Zn. It is found that the ␦-ZnSe: Te sample has a much lower Te concentration in the QD-containing regions than that of the ␦ 3 -ZnSe: Te sample.
EXPERIMENT
The multiple ZnTe/ ZnSe QDs were grown on ͑001͒ GaAs substrates in a Riber 2300 molecular beam epitaxy ͑MBE͒ system. A ZnSe barrier was first grown for t ZnSe seconds, and then the Se shutter was closed for 5 s to interrupt the growth and produce a Zn-terminated surface. After this, all shutters were closed for 5 s to desorb the excess Zn from the surface, and then the Te shutter was opened to deposit Te on the Zn-terminated surface for 5 s. After another growth interruption for 5 s, the Zn shutter was opened for 5 s to evaporate Zn, followed by the growth of the next ZnSe barrier. It is important to note that only submonolayer quantities of ZnTe were deposited between ZnSe barriers. Such a sequential deposition of elements is often referred to as migration-enhanced epitaxy ͑MEE͒.
14 MEE is based on chemical reactions at the heated surface of a solid substrate, onto which the constituent elements of the compound to be grown are deposited sequentially as pulses of neutral molecules or atoms. In solid-source MBE, the deposition pulses are generated by the opening and closing of fast shutters. MEE is highly suitable for QD growth since, in this case, controlled surface migration during growth is important. 14, 15 A delay time, during which the deposition process is interrupted, allows for ͑i͒ smoothing by enhanced surface migration, ͑ii͒ increased surface migration of deposited elements, and ͑iii͒ reevaporation of adatoms of the deposited species, which are in excess of the first chemisorbed monolayer. It can be argued that the ability of Te adatoms to migrate "freely" over the surface contributes to the formation of QDs out of Te n isoelectronic centers as proposed in Refs. The low-temperature and temperature-dependent PL measurements were carried out by using a closed cycle refrigerating system. The 325 nm emission line from a He-Cd laser was used as the excitation source, and the excitation intensity can be varied by over 4 orders of magnitude with the aid of the neutral density filters mounted on a dual-wheel holder in front of the laser. The emitted light was dispersed through a 3 4 m monochromator and was then detected with a thermoelectrically cooled GaAs photomultiplier tube coupled to a photon counter. Magneto-PL measurements were performed at the National High Magnetic Field Laboratory. The magneto-PL was recorded at 4.2 K in the Faraday configuration with a magnetic field of up to 31 T.
HRXRD measurements were carried out at Beamline X20A at the National Synchrotron Light Source ͑NSLS͒, Brookhaven National Laboratory ͑BNL͒. All measurements were made using the monochromatic synchrotron radiation at 8 keV with a double-crystal Ge ͑111͒ monochromator. To enhance the angular resolution, a Ge ͑111͒ analyzer was placed in front of the detector. Fig. 2͑a͒ shows the temperature-dependent PL spectra from a ␦-ZnSe: Te sample under the maximum excitation intensity ͑I max ͒ of our experimental conditions. At low temperatures, T Յ 40 K, the PL spectra are dominated by a single broad band centered at around 2.70 eV with sharp lines on the higher energy side. We note that these sharp lines are clearly observed only in some ␦-ZnSe: Te samples with nominally very low Te fraction; samples that have relatively high Te fraction show shoulders instead of clear PL lines. These sharp lines are tentatively attributed to excitons bound to pairs of Te atoms. 16, 17 However, more detailed studies are required to draw a final conclusion about the microscopic nature of the centers ͑see also discussion in Ref. 18͒. As we are interested in the emission related to quantum dots, we will focus on the broad bands.
RESULTS AND DISCUSSION
When the temperature is increased above 60 K, another broad peak appears as a lower energy shoulder of the dominant peak, becoming more pronounced with a further increase in the temperature. As an example, in Fig. 2͑b͒ , we show the PL spectrum measured at T = 80 K, which was fitted by two Gaussian peaks: a "blue band" centered at 2.66 eV and a "green band" centered at 2.52 eV.
To further study the origin of the observed green and blue emissions, intensity-dependent PL was measured on this ␦-ZnSe: Te sample at T = 80 K since at the lower temperatures, the green band does not have sufficient intensity, whereas above 80 K, the overall intensity of the emission is too low to perform meaningful power studies in a wide range of excitation intensities. The recorded PL spectra were fitted by two Gaussian peaks, and the peak energy positions of both green and blue bands as a function of the excitation intensity are plotted in Fig. 3 . It is found that the peak energy of the green band exhibits a large ͑ϳ50 meV͒ shift to higher energies upon increasing the excitation intensity by about 4 orders of magnitude, whereas the blue band barely shows any spectral shift. This suggests different origins of the green and blue bands.
First, we discuss the origin of the green band. The blueshift of emission spectra with increasing excitation intensity has been previously reported for various type-II quantum structures and a band bending model at the interface has been proposed to explain this behavior. [19] [20] [21] For our material structure, due to the large valence band offset between ZnTe and ZnSe, the holes are strongly confined in ZnTe QDs, while electrons are localized in ZnSe barriers. Due to Coulomb interaction, an electric field across the interface is formed, resulting in band bending near the ZnTe/ ZnSe interface. With an increase in the excitation intensity, more electron and hole pairs are excited and the band bending effect becomes more pronounced. It is expected that the emission spectra will shift toward higher energies with increasing excitation intensity. Thus, the green band is due to, at least partially, the recombination of excitons within type-II quantum structures [19] [20] [21] [22] and QDs in particular ͑see below͒. Moreover, as shown in Fig. 3 ͑the red dashed line͒, here the peak energy shift follows the cube root of the excitation intensity. 8, 23 The blue emission exhibits very little shift ͑ϳ6 meV͒ when the excitation intensity is increased by about 4 orders of magnitude. A plausible origin of the blue band is the recombination of excitons bound to ICs formed by Te n centers ͑the small shift observed here is probably due to an overlap with the green band͒. The PL due to IBEs has been widely reported for dilute bulk ZnSe 1−x Te x ͑x Յ 4%͒ alloys as well as for ZnTe/ ZnSe quantum wells. 24 Moreover, in our previous work on the ␦ 3 -ZnSe: Te samples, 8 a blue band, which does not shift with increasing excitation intensity, was also reported. Furthermore, detailed studies 8, 18 of temperaturedependent PL, PL excitation, and time-resolved PL show that the blue band is, indeed, due to IBEs. Thus, the ␦-ZnSe: Te samples also contain both type-II quantum structures and isoelectronic centers.
To support such a conclusion, we point out that the PL at various excitation intensities was also measured at 10 K, but no peak energy shift was observed. Assuming that there is a low density of ZnTe/ ZnSe QDs formed in the ␦-ZnSe: Te sample, which is plausible due to the low concentration of Te ͑see below͒, the emission due to IBE will dominate at lower temperatures. With increasing temperature, the excitons bound to ICs ionize. Although the weakly bound electrons of type-II excitons can also ionize, the holes are still strongly confined in the QDs, so the electrons are eventually recaptured and radiatively recombine with the holes. 8 Accordingly, the PL will be dominated by the QD-related emission up to relatively high temperatures. We note that the PL of the ␦ 3 -ZnSe: Te sample is dominated by the QD-related emission even at 10 K, which indicates the formation of a high density of ZnTe/ ZnSe QDs.
The existence of type-II QDs ͑rather than type-II quantum wells͒ is further supported by the results of magneto-PL. Fig.   4 plots the integrated PL intensity of a ␦-ZnSe: Te sample as a function of the magnetic field B along the growth direction. The major feature here is the presence of a peak in the integrated intensity at B 0 Ϸ 2.1 T. The overall decrease in the intensity is attributed to magnetic-field-induced carrier localization. 2 The observed dependence of the PL intensity on the magnetic field is consistent with the predicted optical Aharonov-Bohm effect for type-II QDs of cylindrical symmetry ͑see, e.g., Refs. 12 and 25͒ and is similar to the observations for the ␦ 3 -ZnSe: Te samples. 2 A detailed discussion and additional references for the PL intensity as a function of the magnetic field for the Zn-Se-Te multilayers can be found in Ref. 2. Qualitatively, the observed behavior of the PL intensity can be understood following the arguments of Ref. 25 . Assuming a cylindrical symmetry for the QDs, the ␦-ZnSe: Te sample can be considered as stacks of multiple ZnTe disks buried in ZnSe barriers; holes are confined within the disks, while electrons are localized in the ZnSe barriers. With increasing magnetic field, the electron ͑in the ground state, l e =0͒ gets closer to the QDs, which increases its energy due to the barrier created by the QDs. When the magnetic field reaches certain value, B 0 , it is more favorable for the electron to "jump" to the next orbit with the nonzero orbital momentum ͑l e =−1͒, which is farther from the dot. However, the selection rule requires that the total orbital momentum of the exciton ͑L = l e + l h ͒ is equal to zero ͑e.g., Refs. Finally, we investigated the dependence of the growth condition on the properties of our samples. Here, we compared a pair of samples grown under the same Zn/ Te flux ratio but with one and three consecutive deposition cycles of Zn-Te-Zn sandwiched between ZnSe barriers. Fig. 5 shows the SIMS profile of both samples. Although both samples were grown with the same Zn/ Te flux ratio, the average ͓Te͔ concentration in the ␦ 3 -ZnSe: Te sample is about three times higher than that in the ␦-ZnSe: Te sample. 26 The higher average ͓Te͔ concentration in the ␦ 3 -ZnSe: Te sample is likely due to the higher ͓Te͔ concentration in the QD-containing regions. We further show in Fig. 6 the symmetric ͑004͒ -2 scans of these samples. For both samples, the sharp peak with the highest intensity is the ͑004͒ reflection of the GaAs substrate and the zero-order satellite ͓SL͑0͔͒ peak is located at the small-angle side of the GaAs peak, due to the larger lattice parameters of ZnSe and ZnTe than that of GaAs. On both sides of the SL͑0͒ peak, higher order satellite peaks, distributed with nearly equal angular distances, are observed due to the long-range periodicity along the growth direction, formed by depositing submonolayer quantities of ZnTe between ZnSe barriers. SL peaks up to the second order are observed for the ␦ 3 -ZnSe: Te sample, whereas only very weak first-order SL peaks are observed for the ␦-ZnSe: Te sample. This implies that there is a lower Te concentration in the QD-containing regions for the ␦-ZnSe: Te sample. We note that compared with the SL͑0͒, higher order satellites are broadened, which indicates that there are fluctuations in the thickness of different periods ͓represented by period dispersion, ͑T͔͒.
The structural parameters including the average thickness of the QD-containing region and the barriers as well as the corresponding ͓Te͔ concentrations were determined by simulating the measured HRXRD curves based on dynamical diffraction theory 27, 28 ͑for a detailed description of the simulation procedure, see Ref. 29͒. The simulated diffraction curves are plotted in Fig. 6 as green dashed lines and the extracted structural parameters are listed in Table I . Based on the simulation results, it is found that the ␦-ZnSe: Te and ␦ 3 -ZnSe: Te samples have the same period and nearly the same ͓Te͔ concentrations in the barriers ͑x Յ 0.02͒. However, the average ͓Te͔ concentration in the QD-containing regions is much higher for the latter, which is in agreement with the SIMS data.
CONCLUSIONS
We studied the properties of multiple type-II ZnTe/ ZnSe quantum dots formed by a single deposition cycle of ZnTe-Zn ͑␦-ZnSe: Te͒ sandwiched between ZnSe barriers. Temperature-and excitation-dependent PL as well as magneto-PL measurements confirmed the formation of ZnTe/ ZnSe quantum dots. Compared to a typical sample grown with three consecutive deposition Zn-Te-Zn cycles 
